The infection patterns of parasites are often tied to host behavior. Although most studies have investigated definitive hosts and their parasites, intermediate host behavior may play a role in shaping the distribution and accumulation of parasites, particularly the larval stages. In an attempt to answer this question, more than 4,500 pulmonate snails were collected from 11 states in the mid-Atlantic and Midwestern United States in the summer of 2012. These snails were necropsied and echinostome metecercariae were commonly observed infecting the snails as 2 nd intermediate hosts (20.0%). The snails included species of 3 genera with distinct differences in the infection patterns of Echinostoma spp. metacercariae among them. Physa spp.
Introduction
Parasite distribution and accumulation in natural populations of animals is a well-documented phenomenon. Frequently, host behavior has been a major factor determining the distribution of parasites among the hosts in both terrestrial and aquatic systems (Freeland 1976 , Moller et al. 1993 , Loehle 1995 , Ezenwa 2004 , Loys et al. 2010 . In most of these investigations, the focus has been placed on vertebrate hosts and their parasites, with little attention given to how the intermediate hosts acquire their parasites and then their resulting distribution. Differences in the patterns of the distribution and accumulation of the parasites in the intermediate hosts may be important in explaining the dispersal of the parasites among the vertebrate definitive hosts.
In an attempt to determine if differences in parasite distribution exist among closely related intermediate hosts, Echinostoma spp. were examined in naturally infected populations of pulmonate snails. Similar to other digenetic trematodes, Echinostoma spp. have a complex life cycle involving 3 hosts. Eggs are passed into water via feces. On hatching, miracidia swim in the water column until they locate and infect a pulmonate snail, typically a planorbid or lymnaeid species in North America McKenzie 2009, Detwiler et al. 2012) . They penetrate the snail as the first intermediate host and migrate to the gonad where they develop into sporocysts, followed by mother and daughter rediae, all of which are asexually reproducing stages. Rediae produce hundreds of cercariae that are released into the water column, where they search for a second intermediate host (Esteban and MunozAntoli 2009) .
Host specificity in the second intermediate host for Echinostoma spp. is much lower than the first intermediate host.
A variety of pulmonate snail, amphibian, and fish species, can serve as second intermediate hosts for echinostome parasites (Johnson and McKenzie 2009 These echinostome parasites serve as excellent models for the study of differential infection patterns in intermediate hosts because the parasites have a cosmopolitan distribution across North America, are common across this region, and have a wide range of intermediate hosts, many of which are closely related. In the present study, pulmonate snails were selected because they are used as both first and second intermediate hosts. Additionally, they are widely distributed and abundant in many bodies of water. These snails are also important members in the biotic community of many aquatic habitats due to their propensity for feeding on numerous species of algae, bacteria, and macrophytes. As a result, they play an important role in structuring the plant and macrophyte communities in their environment (Hunter 1980, Lowe and Hunter 1988) .
Five species of pulmonate snails representing 3 different families, e.g., Helisoma anceps and H. trivolvis (Planorbidae), Physa acuta and P. gyrina (Physidae), and Lymnaea (Pseudosuccinea) columella (Lymnaeidae), were collected in the present study. Each of these species exhibit subtle differences in behavioral ecology, feeding ecology, and microhabitat choice, which can be used to detect differences in parasite infection patterns.
Planorbid snails typically inhabit regions of lakes and ponds with little, or no, current, and firm mud substrata that are rich in decaying matter. For Helisoma spp., algae, detritus, and bacteria are the main food items, with no preference in particle size (Calow 1973 , Liang 1974 . They also employ 'area restricted searching' in which they will continually feed on the same patch (Charnov et al. 1976 , Dillon 2000 .
Physid snails are often associated with fine substrata (Crowl and Schnell 1990) , with a preference for plants, rocks, and other hard surfaces near the shore (Bickel 1965 , Clampitt 1970 . Physa spp. use detritus and algae as staples in their diet and have been shown to exhibit extensive grazing pressure, e.g., substantially limiting the growth and production of the plant community, due to their large volume of consumption (Lowe and Hunter 1988, Swamikannu and Hoagland 1989) .
Physa spp. employ a basic system of 'give up time' in which they continually change patches when resources become depleted (Charnov et al. 1976 , Dillon 2000 Lymnaeid snails, similar to the other pulmonates, show a dietary preference for algae (Bovbjerg 1965 , 1968 , Hunter 1980 , Reavell 1980 . These snails typically possess sand in their stomachs, which they use to aid in the digestion of more complex food items such as algae and live plant tissue (Storey 1970 , Reavell 1980 . Similar to physids, lymnaeids can also have a large impact on the macrophyte diversity (Hunter 1980 , Cuker 1983 . They use a feeding system of 'give up time' (Charnov et al. 1976 , Dillon 2000 , i.e., when food is abundant, lymnaeids are typically associated with rocks, plants, and other hard substrata, but when food is scarce, they can also be found foraging in the mud substratum (Walter 1980) . Lymnaea columella, as well as a number of other Lymnaea spp., is amphibious and prefers soft, moist substrata on the water's edge when not feeding (Foster 1983 , Dillon 2000 .
The goal of the present study was to determine if the recruitment patterns and infection dynamics of Echinostoma spp. parasites differed among closely related intermediate hosts in nature and to determine if the natural history of these hosts could lend explanation for the patterns observed.
Materials and Methods
In total, 4,538 pulmonate snails were collected from 71 bodies of water in the mid-Atlantic and midwestern United States from June through August 2012. In all, 11 states (NC, WV, VA, MD, PA, OH, MI, IN, IL, KY, and TN) were sampled and 5 different species of snails from 3 different families were collected, including H. anceps (N = 664) and H. trivolvis (N = 632) (Planorbidae), P. acuta (N = 1,696) and P. gyrina (N = 1,139) (Physidae), and L. columella (N = 407) (Lymnaeidae). Collections were made by hand and dip-netting, with a total of 100 snails obtained from each body of water or 1 hr of search time, whichever came first. Prior to each collection, a density measurement was obtained by counting all snails within a randomly placed 515.6 cm 2 rectange. The snails were then necropsied and the following information was collected for each snail, i.e., shell length (to the nearest 0.05 mm), trema- Table I . Average snail sizes prevalence and intensity (+/-standard error) of 5 Echinostoma spp. metacercariae-infected and uninfected pulmonate snail species, and the prevalence and intensity of Echinostoma spp.
Snail Species Snail Size
Echinostoma spp. tode species present, and number of Echinostoma spp. metacercariae. The number of collar spines was also counted to confirm the genus of the echinostome parasites (Morgan and Blair 1995) . Although several genera of echinostome metacercariae were found, only those belonging to the revolutum-group, which are characterized by 37 collar spines, were included in the study. No further morphological or molecular effort was made to identify the parasites to the species level. The GPS coordinates, elevation, and surface area were recorded for each body of water. Additionally, the microhabitat of each snail species was also identified. The population structure of the echinostome parasites was described in terms of prevalence and mean intensity according to the terminology of Bush et al. (1997) . The prevalence and intensity of Echinostoma spp. metacercariae were assessed in each snail. A mixed-effects model was conducted to determine if differences in Echinostoma spp. prevalence or intensity existed between snail species using site as a random effect, due to variations in sample size between them, and snail species, shell length, and lake/pond area were used as predictors. Once site effects were shown to have no influence, chi square analysis was used to compare prevalence of Echinostoma spp. infection; Tukey-Kramer HSD post-hoc tests were used to compare mean intensities of Echinostoma spp. between week of collection, snail species, and snail families. Logistic regression was used to establish if there were any relationships between prevalence and intensity of Echinostoma spp. metacercariae and lake area or elevation. Moran's I spatial autocorrelation was used to determine if there was a geographic pattern in the distribution of Echinostoma spp. in the bodies of water sampled. 
Infected

Results
Snail microhabitat and density
Physa acuta, P. gyrina, and L. columella were found very close to the water's edge associated with vegetation and other hard substrata such as rocks and timber. These snails were typically found within 5 cm of the bank in less than 5 cm of water. Frequently, L. columella was found just outside of the water on the bank 1-2 cm emerged from the water. Helisoma anceps and H. trivolvis typically inhabited slightly deeper water than the other pulmonates and were frequently found up to 1 m Fig. 2 . The prevalence and intensity (± standard error) of Echinostoma spp. metacercariae in the presence of other pulmonate snail families from the shoreline in >20 cm of water. Occasionally, the distribution of H. anceps and H. trivolvis would overlap P. acuta, P. gyrina, and L. columella, but the microhabitat of these pulmonates appeared to be fairly distinct. Lymnaea columella occurred in ponds with the highest average snail density (10.5 +/-5.5), followed by Helisoma spp. (10.3 +/-5.1) and Physa spp. (9.4 ± 5.5), however, density did not vary between ponds containing the various snail genera (ANOVA, P = 0.9691).
Population biology of Echinostoma spp. metacercariae
A total of 71 ponds and lakes was sampled, with 32 (45.1%) having infections of Echinostoma spp. metacercariae. Of the 4,538 snails examined, 2,951 came from ponds with confirmed infections of Echinostoma spp.; accordingly, these snails will be the focus of the remainder of the analyses. Altogether, 590 (20.0%) of the snails from the echinostome-infected sites possessed metacercariae, with a mean intensity of 13.9 ± 0.6. No statistically significant associations were found between either prevalence or intensity with lake surface area, elevation (logistic regression, P > 0.05), or date of collection (TukeyKramer HSD, P > 0.05). There was also no discernible pattern in the geographic distribution of Echinostoma spp. infection across the study sites (Moran's I, P = 0.3385).
Infection patterns in snails
There were no significant differences in prevalence or intensity of Echinostoma spp. metacercariae between snail species within the same genus (P > 0.05); therefore, both species of Helisoma were combined for analyses, as well as both species of Physa (Table I) . Statistically significant differences in Echinostoma spp. metacercariae between genera were found (Mixed Effects Model, P = 0.0426), but no correlation between shell length or collection site (P > 0.05).
The physids exhibited a significantly higher prevalence (23.5%; χ 2 = 27.1, P < 0.0001) than both Helisoma spp. (14.5%) and L. columella (11.7%), which were not significantly different from one another (χ 2 = 1.0, P = 0.3245; Fig. 1A) . Statistically significant differences in mean intensity of Echinostoma spp. were also observed (Mixed Effects Model, P = 0.0152), but no differences in infection due to shell length or collection site were found (P > 0.05). Lymnaea columella had the highest intensity of metacercariae (24.3 ± 5.6), followed by Physa spp. (15.2 ± 1.5) and Helisoma spp. (5.0 ± 0.9), all of which were significantly different from each other (Tukey-Kramer HSD, P < 0.05; Fig. 1B) .
Lymnaea columella harboring Echinostoma spp. rediae (94.0 ± 26.6) had a significantly greater mean intensity of metacercariae than uninfected snails (14.7 ± 2.7; Student's t-test, P = 0.0295).
The number of snail species present in a particular body of water affected the infection pattern of each snail family differently. Neither prevalence nor intensity of Echinostoma spp. metacercariae in Helisoma spp. was affected by the presence of other snail species (P > 0.05; Fig. 2A ). However, metacercariae infection in Physa spp. showed significantly higher prevalence of infection (χ 2 = 72.2, P < 0.0001) when individuals from multiple pulmonate snail families were present and a significantly higher intensity when individuals from all 3 snail families were present (Tukey-Kramer HSD, P < 0.05; Fig. 2B ). The opposite trend was seen in L. columella, where prevalence (χ 2 = 3.92, P = 0.0470) and intensity (TukeyKramer HSD, P < 0.05) of infection significantly decreased when more snail families were present in the pond/lake.
Discussion
The differences observed in both the prevalence and intensity of Echinostoma spp. infection can be attributed to distinct disparities in snail behavior. For example, Helisoma spp. not only had the lowest prevalence of infection, but also the lowest intensity (Fig. 1) . These planorbid snails prefer a habitat with a firm substratum and large quantities of decaying matter (Malek 1958) . Primarily feeding on algae and decaying matter in the benthos, Helisoma spp. do not move extensively and are known to feed on the same patch for comparatively longer periods of time (Clampitt 1975 , Boss et al. 1984 . The low vagility of snails in this genus should act to substantially decrease their encounter rate and, subsequently, parasite recruitment, by free-swimming cercariae of Echinostoma spp. Moreover, because these cercariae rely so heavily on their chemotactic abilities to locate potential hosts, planorbids inhabiting the benthos, should confer the advantage of decreased encounter rate. Helisoma spp. tend to inhabit areas with extensive leaf litter and debris which would likely result in cercariae having increased difficulty finding the next intermediate host.
In contrast, physid snails are voracious feeders, and their high impact on aquatic macrophyte communities necessitates increased vagility in this family (Boss et al. 1984 , Sheldon 1987 , Swamikannu and Hoagland 1989 , relative to the other snail species in the study. The increased movement should increase their encounter rates with echinostome cercariae, which, at least in part, explains the differences in prevalence and intensity between the physid and planorbid snails.
Lymnaeid snails, especially L. columella, differ greatly from species in the other 2 families in terms of behavior and feeding ecology. The feature that sets this species apart from the other pulmonates in this study is its amphibious tendency. Lymnaea columella spends a majority of its time on the moist banks at the water's edge, and prefers a muddy substratum to a flocculent one (Harris and Charleston 1977, Foster 1983 ). However, lymnaeid snails rely on the aquatic environment for food, and L. columella frequently returns to the water to forage. Their feeding behavior is similar to that of the physid snails, which have a huge impact on plant and macrophyte communities (Hunter 1980 ) and exhibit significantly greater vagility than Helisoma spp. (Boss et al. 1984) . Additionally, L. columella feeds on algae and macrophytes on hard surfaces (Walter 1980 , Dillon 2000 , similar to Physa spp., suggesting extensive movement between patches is required to obtain an adequate food supply. However, since L. columella is amphibious and spends substantial time on the moist bank outside of the water, their exposure to echinostome parasites may be substantially less than that of the physids, leading to a significantly lower prevalence of infection (Fig. 1A) .
The intensity of infection in the lymnaeid snails was significantly greater than both of the other snail families in the study. One reason for the high intensity, relative to the planorbids, is the similarity in the feeding ecology of Physa spp. and L. columella. All physid and lymnaeid species exhibit extensive vagility while foraging in order to acquire sustainable food resources (Hunter 1980, Lowe and Hunter 1988) . In North America, lymnaeid snails are more likely to harbor Echinostoma spp. as first intermediate hosts than Physa spp. (Detwiler and Minchella 2009, Johnson and McKenzie 2009 ). Additionally, autoinfection by the echinostome parasites has been shown to occur in nature (Morely et al. 2004 , Detwiler 2010 .
In the present study, L. columella infected with Echinostoma spp. rediae had a significantly higher mean intensity of metacercariae than snails of the same species without the former larval stage. If L. columella infected with Echinostoma spp. rediae are removed from analysis, then there is no difference in mean intensity of metacercariae between physids and lymnaeids (Student's t-test, P = 0.2113). These data suggest that autoinfection of Echinostoma spp. may be contributing to the differences in mean intensities of the physid and lymnaeid snails, but further work is required to support this contention. Similar to L. columella, both H. anceps and H. trivolvis can serve as first intermediate hosts for Echinostoma spp. parasites (Sapp and Esch 1994 , Schmidt and Fried 1997 , Fried et al. 2007 Griggs and Belden 2008) and can also be subject to autoinfection. However, only a single snail was infected with rediae of Echinostoma spp., so autoinfection was not a factor for Helisoma spp. in this study.
In a similar study, no differences were found in the infection patterns of echinostome metacercariae between the same 3 pulmonate snail families (Detwiler and Minchella 2009) . However, the latter investigation was conducted in a single ephemeral pond in Indiana (USA) as opposed to the 32 ponds and lakes across a wider range of the U.S. Similar to the present study, however, Detwiler and Minchella (2009) hypothesized that encounter rate played a large role in the infection patterns of echinostome parasites, based mainly on snail density and availability. Here, we extend this hypothesis to also include snail behavior as a key factor driving both the rate of encounter and recruitment of Echinostoma spp. Detwiler and Minchella (2009) also showed that encounter rate was able to cover up discrepancies in host susceptibility in the field. This same trend was also observed in the current study, i.e., the most susceptible species (Helisoma spp.) had the lowest intensities and the least susceptible species (L. columella) had the highest infection intensities.
Differing trends in the patterns of prevalence and intensity of Echinostoma spp. infection were observed for the 3 pulmonate snail families when the number of snail families present in the body of water varied (Fig. 2) . Helisoma spp. were unaffected by the presence of other species in the pond. As indicated previously, these planorbids tend to be rather sedentary in terms of foraging behavior and move very little during the course of their lifetime (Clampitt 1975 , Boss et. al. 1984 . Moreover, they have a completely different habitat preference than the other pulmonate snail families. This was observed in the field when these snails tended to be in deeper water further from the bank associated with softer benthic substrata as opposed to shoreline. No significant difference was observed in either prevalence or intensity of echinostome metacercariae infection (Fig. 2) .
In Physa spp., the more diversity that was present in terms of snail families, the greater the prevalence of echinostome infection ( Fig. 2A) and intensity (Fig. 2B) . However, physids typically do not serve as first intermediate hosts for Echinostoma spp. in North America, while Helisoma spp. and L. columella are known to host a number of different echinostome genera and species (Johnson and McKenzie 2009) . The presence of the other 2 snail families is paralleled by an increase in the prevalence and intensity of infection of Echinostoma spp. in the physid snails.
In contrast to Physa spp., L. columella harbored significantly more Echinostoma spp. metacercariae in terms of both prevalence and intensity when they were the only snail family present in a pond/lake (Fig. 2) . Lymnaea columella was never found to co-occur with only Helisoma spp., so it appears that their interactions with Physa spp. may be influencing the change in parasite load. Since Physa spp. are not typical first intermediate hosts of Echinostoma spp., their presence in a pond does not enhance the presence of Echinostoma spp. cercariae in a pond/lake, but does increase the population of snails susceptible to infection by echinostome cercariae. Increasing host availability in a habitat essentially dilutes the intensity of infection in lymnaeid snails by giving Echinostoma spp. other sources for cercariae recruitment (Hall et al. 2009, Johnson and Thiltges, 2010) . Therefore, the more hosts that are available in a system, the lower the intensity of infection of Echinostoma spp. in L. columella. Field observations revealed frequent microhabitat overlap between Physa spp. and L. columella, suggesting that there may be interactions between these snail species.
In summary, snail feeding ecology and habitat preference appear to be important factors in the infection dynamics of Echinostoma spp. cercariae among the snail second intermediate hosts, with distinct differences in the infection patterns among the 3 snail genera. Additionally, the presence of other snail species from different families appears to impact the infection dynamics of each group differently, mainly due to differences in habitat and foraging preference and specificity of Echinostoma spp. for snail first intermediate hosts. These patterns may have implications in the transmission from the second intermediate host to the definitive host. The snails that harbor the most infections, Physa spp. and L. columella, inhabit microhabitats nearest the shoreline. This makes them more susceptible for consumption by some of the more common hosts for Echinostoma spp., aquatic waterfowl. Presumably, snails closer to the shoreline, or even just outside of the water, as for L. columella, are easier to find since they are in shallow water. Although further research is needed in this area, these snails may be at a higher risk of predation than snails in deeper water further from the shoreline such as Helisoma spp. and may be more advantageous for Echinostoma spp. in the completion of their life cycle.
